This paper investigates the relationship between home and offshore R&D activities on the knowledge production of the investing home region. Debate is ongoing on whether R&D offshoring complements the R&D performed at home. In the light of increased offshoring of innovative activities to emerging countries, we explicitly focus on Brazil, Russia, India, China, Singapore and Taiwan. We suggest that complementarity should obtain, when home region and offshore R&D activities are dissimilar as well as when offshore R&D activities is about modular and less complex technologies. We ground our predictions on arguments related to geographical technological specialisation and reverse knowledge transfer from offshore locations to home regions within the more general open innovation trend. Using a theoretical framework based on the international business literature and the regional system of innovation perspective, we estimate a knowledge production function www.druid.dk for a sample of 221 regions from 21 OECD countries with home region patent applications as the dependent variable. Our test supports our predictions on the complementarity between home region and offshore R&D.
Introduction
Organisations have over the past couple of decades increasingly turned towards offshoring as an important means of achieving competitive advantage. The level of offshore activities has therefore grown tremendously and the growth rate of activities offshored to lower-wage foreign countries has in particular been outspoken (Trefler, 2005) . While offshoring of tangible commodities has a relatively long history, offshoring of research and development (R&D) activities to lower-income countries is of more recent date (Lewin, Massini and Peeters, 2009) . Indeed, within the trend of an increasing internationalization of economic activities, available statistics show a recent change in the location of overseas innovative activities (UNCTAD, 2005) with significant proportions of R&D being moved to countries of developing Asia (Beausang, 2004) -countries that have emerged as new technology producers (Athreye and Cantwell, 2007) . This development could be regarded as highly problematic from the point of view of developed regions (see for instance, Manning, Massini and Lewin, 2008) . Recent economic geography literature has indeed recognized R&D and innovation to be at the core when it comes to explaining differences in regional development and growth (e.g., Crescenzi, Rodriguez-Pose and Storper, 2007; Frenken, Van Oort and Verburg, 2007; Lehto, 2007) . Specifically, this stream of research suggests that regional geographically bound R&D positively impacts on economic development at the regional level, as knowledge spillovers appear to have strong distance decay effects (see also, Bode, 2004; Ó hUallacháin and Leslie, 2007; Rodríguez-Pose and Crescenzi, 2008; Paci and Usai, 2009) . Somewhat in contrast to this view, research on the internationalization of R&D activities has shown that multinational enterprises (MNEs) are increasingly internationalizing their R&D activities to tap into the technological capabilities of specific host locations to ultimately develop the firms' own ability to combine knowledge into innovations (e.g., Cantwell, 1995; Patel and Vega, 1999; Verspagen and Schoenmakers, 2004) .
However, the former set of contributions on regional development and R&D does not address the international division of labour in knowledge production and the latter set of contributions all consider the cases where MNEs engage in home-base augmenting investments in other developed regions. Hence, little is known about how the offshoring of R&D activities to fast-growing emerging economies may affect knowledge generation in the home region. This paper contributes to these streams of literature by being the first to investigate whether and how R&D offshoring to fastgrowing emerging economies affects the knowledge creation of the OECD regions from which the investment initially departed. To this end, we focus on R&D offshore in fast-growing emerging economies, including Brazil, Russia, India, China, Singapore and Taiwan (hereafter BRICST) as empirical evidence suggests that this group of countries receive the lion share of R&D investments from advanced regions (UNCTAD, 2005; Belderbos and Sleuwaegen, 2007) . In addition, we focus on the type of R&D offshoring which Kotabe and Murray (2003: 9) call "offshore subsidiary sourcing"-others have referred to the phenomena as "captive outsourcing" (e.g., Kedia and Mukherjee, 2008; Lewin, Massini and Peeters, 2009) . That is, R&D activities which are offshored from MNEs with headquarters located in the OECD regions to subsidiaries located in the BRICST countries. Therefore, the term "offshoring" is here used interchangeably with internationalization. Specifically, we ask whether R&D offshoring complements R&D conducted at home in affecting the knowledge production of the investing region in terms of home region patent applications.
While it is a possibility that offshoring will stifle innovative activity in the home region (see e.g., Teece, 1987; Manning, Massini and Lewin, 2008) it is also possible that R&D offshoring to emerging economies will complement and hence enhance the value of R&D carried out in the home region (Kotabe, 1990; Verspagen and Schoenmakers, 2004) . Mudambi (2008) suggests indeed that firms from advanced regions are finding that value-added is becoming increasingly concentrated in the upstream (R&D) and downstream (marketing) ends of the value chain. For this reason, firms focus on these activities at home, while offshoring the middle of the value chain (manufacturing and standardized services). Following Lewin et al. (2009) , we push this argument further: Not only it does make sense to offshore the middle of the value chain, but part of the R&D activity can be offshored as well. We argue that this may happen without necessarily damaging the efficiency of the home region R&D base. 1 We assume that 1) firms in advanced regions tend to have a comparative advantage in R&D within the most advanced technologies, 2) less complex technologies are easier to codify and transfer across borders, and 3) modular technologies require coordination at the organisational and knowledge level, which in multi-unit firms may be better orchestrated from the home R&D laboratory, and these technologies are also easier to transfer across borders. Based on these assumptions, we propose that offshore R&D which a) is not high-technology intensive and, therefore, less complex; and b) concerns modular technologies, 1 Note that an observed complementarity effect between offshore and home region R&D in the home production of knowledge implies that investment in offshore R&D makes home region R&D more effective in producing innovations as reflected in home region patents (and vice-versa) . A complementarity effect says nothing, however, about whether or not offshore R&D is associated with higher (or lower) investments in home region R&D per se. Nevertheless, if a complementary effect is obtained, it can be argued that there is a stronger incentive to invest in home region R&D for a given region where firms have offshored R&D as compared to other regions where firms have made no such an investment. For formal representation of how to measure complementarity, see Section 7 below.
should be complementary to the R&D carried out in the more advanced home regions. In other words, we posit that R&D offshored to BRICST countries is complementary, when it is dissimilar to the R&D carried out in the home region and less complex (e.g., medium technology-intensive R&D activities) and when it requires systemic integration and is easier to transfer across borders (e.g., R&D in software and knowledge-intensive services). In contrast -and based on the same logic -we conjecture no complementarity effect between offshore R&D in hightechnology sectors and home region R&D in affecting knowledge production in the home region.
We resort to a sample of 221 large OECD regions for which we collected data on their patenting activity, socio-economic indicators, and information on R&D offshoring investments towards BRICST countries. Our regional focus is suggested theoretically by the regional system of innovation (RSI) literature (e.g, Cooke,
Uranga and Etxebarria, 1997; Asheim and Gertler, 2005) and the distributed or open innovation approach (von Hippel, 1988; Chesbrough, 2003) . This meso level of analysis has the advantage to overcome the limitations of a country-level investigation, which is a far too aggregate unit of analysis, and allows us to capture the systemic and "open" aspect of knowledge production (Braczyk, Cooke and Heidenreich, 1998) .
The paper is organised as follows. Section 2 discusses the theoretical debate on the effects of home and offshore R&D on home innovation activity. Section 3 illustrates firm's location advantage of R&D offshoring, while Section 4 discusses the arguments supporting our forecasts. The data and sample are described in Section 5, while Section 6 describes the variables and Section 7 the methodology. The results of the econometric analysis are presented in section 8. A few conclusions are drawn in section 9.
The theoretical debate
Spatially-bounded factors are explicitly taken into consideration by the RSI approach (Braczyk, Cooke and Heidenreich, 1998) , which has been developed based on the literature on national system of innovation (Freeman, 1987; Lundvall, 1992; Nelson, 1993) . In particular, the RSI approach is based on the idea that regional borders (rather than national) better define the ways innovation is created by strongly interrelated local actors (Asheim, 1996; Braczyk, Cooke and Heidenreich, 1998; Cooke, 2005) . Firms interact with other firms, research institutes, financial and public institutions, and their interactions are encouraged by face-to-face and continuous contacts (Keeble et al., 1999; Gertler, 2003) . Local actors share common values, norms and standards that have a marked regional dimension. Differences among regions within the same country can be recognized in terms of regional governance of innovation, regional specialisation and evolution, and core/periphery differences in innovation development (Howells, 1999) . The empirical significance of geographical proximity has been also confirmed in studies of knowledge spillovers (Jaffe, Trajtenberg and Henderson, 1993; Feldman, 1994; Audretsch and Feldman, 1996) as well as by the literature on clusters (Porter, 1990; Beaudry and Breschi, 2003; Iammarino and McCann, 2006) . Specifically, these streams of research point out that problems related to the codification of knowledge may arise in a large number of cases, and hence, hamper knowledge transmission across larger geographical distances (Anselin, Varga and Acs, 1997; Bode, 2004; Crescenzi, Rodriguez-Pose and Storper, 2007; Frenken, Van Oort and Verburg, 2007; Lehto, 2007; Rodríguez-Pose and Crescenzi, 2008; Paci and Usai, 2009) . Similarly, some researchers have seen the globalization of R&D and innovation as a factor that could possibly erode the R&D-based stronghold of advanced regions as they forecast an incremental shift of R&D activities towards emerging economies where science and engineering talent continues to grow (Manning, Massini and Lewin, 2008) . However, other researchers such as Cantwell (1995) , Patel and Vega (1999) This evidence may seem to challenge the RSI approach. However, in this context, Verspagen and Schoenmakers (2004: 24) argue that this tendency to perform R&D abroad implies a strengthening of the notion of RSI, rather than the opposite. The line of argument rests on the idea that due to the existence of specific skills and competencies in people who are not perfectly mobile, technological capabilities of specific regional innovation systems cannot be easily tapped into from a distance (Morgan, 2004) . Thus, an MNE aspiring to make use of such specific knowledge will have to establish or acquire physical presence in the region. Similar arguments has been made by Cantwell and Iammarino (2001) . Nonetheless, and, as pointed out above, these contributions all consider the cases where MNEs engage in home-base augmenting activities in other developed regions. Here, we put under scrutiny how offshoring of R&D activities to fast-growing emerging economies may affect the efficiency of knowledge production in the home region.
Location advantages of R&D offshoring
Offshoring is a part of the global disaggregation of the value chain, and, as pointed out by Mudambi (2008) , provides a critical interface for the interconnected issues of geography and the MNE. This disaggregation is the outcome of firms combining the comparative advantages of different geographic locations with their own resources and competencies to create and sustain competitive advantage (Dunning, 1977; Kogut, 1985; McCann and Mudambi, 2005) . In turn, the interplay between comparative advantage and competitive advantage determines the optimal location of value chain components (i.e., offshoring decisions). Differences in factor costs have strong implications for where a firm should locate parts of its value-added chain internationally (Kogut, 1985) . In this context, a firm should locate its activities in those regions and countries that possess a comparative advantage in terms of the relevant intensive factor. Accordingly, because regions and countries differ in their relative abundance and quality of production factors -which will be reflected in factor costs -and because the intensity of factors use varies along the value-added chain, the distribution of the type of value added activities between regions and countries will tend to differ. A key driver of this process has had to do with the implied increased division of labour, where the offshoring firm can focus on certain higher value activities in the home region at the expense of other lower value activities which the firm can handle in emerging developing countries, typically at lower costs (Stopford and Wells, 1972; Ramamurti, 2004; Doh, 2005; Mudambi, 2008) .
As far as R&D offshoring is concerned, empirical evidence suggests that this type of offshoring is becoming a possibility due to advances in information and communication technology (ICT) that makes information exchange and interaction over larger distances much more workable also in the context of R&D and innovation (Howells, 1995; Manning, Massini and Lewin, 2008) . 2 It should be noted, however, that the transfer of knowledge over large geographical distances is a non-trivial matter, even with the existence of modern ICTs (Bulte and Moenaert, 1998; Morgan, 2004 ), but it is beyond the scope of this paper to enter this discussion.
In this paper we posit that location-specific advantages can emerge from locating R&D in emerging countries. A very important part of the advantage from R&D offshoring is obtained because these locations can offer specific high-quality R&D services at a low costs. Another part has to do with the fact that the regional science and technological base vary "from country to country and from region to region" and "is said to constitute the location-specific supply base of technological and knowledge externalities that firms draw upon for their competitiveness." (Amin and Cohendet, 2005: 467) . Indeed, also emerging countries may offer such supplyIndia's supply of engineers and strength in software development is a prime example of this, while Taiwan's strength in computer hardware is another. In the words of Lewin et al. (2009: 920) : "…Asian countries such as India and China, and certain countries in Eastern Europe and Latin America, are becoming recognised as suppliers of highly qualified engineering and science talent." Strongly related, there is evidence of increasing clustering of R&D activities in emerging economies (see e.g., Chen, 2004; Arora and Gambardella, 2005; Tan, 2006) . This development of knowledge clusters in emerging countries also allows MNEs to plug into these science and technology systems through subsidiary location choices. 
The complementarity between home region and offshore R&D
While it is clear that emerging countries location advantages offer advantages to MNEs, the outcome is less clear when it comes to the effect on the knowledge production in the home region of the MNE. Indeed, one possibility is that R&D offshoring activities may be of a "home-base damaging" nature, that is, R&D offshoring activities may be reducing the effectiveness of knowledge production in the home country. Alternatively, there is also the possibility that R&D offshore activities may be of a "home-base augmenting" nature, thus complementing the efficiency of home region R&D investments on the knowledge production of the home country. It is also a possibility that most knowledge clusters in advanced countries and regions will be relatively unaffected because of what they have to offer will continue to be of very high value (Doh, 2005; Manning, Massini and Lewin, 2008; Lewin, Massini and Peeters, 2009 ). However, very little empirical evidence on the final effects is available, as far as our knowledge is concerned.
In this paper, we posit that complementarity effects will emerge due to geographical technological specialisation and reverse knowledge transfer. First, when the R&D activities of the home region are dissimilar to the offshore R&D activities, MNEs in the home region can focus on certain types of R&D and offshore other parts of the R&D. As noted by Quinn (1992: 37) , "virtually all staff and value chain activities are activities that an outside entity, by concentrating specialists and technologies in the area, can perform better than all but a few companies for whom that activity is only one of many". Especially, given that there is a shortage of supply of engineers and scientists in most advanced countries, there may be a strong need to focus on some R&D activities in the home region and not others. Similarly, R&D offshoring may favour an increased focus on an organisation's core competencies in the home region. Offshoring some activities from the home region may allow the firm to increase managerial attention and resource allocation to those tasks that it does best in that location and to rely on management teams in other locations to oversee tasks at which the offshoring firm is at a relative disadvantage at the home location.
Second, knowledge developed in offshore locations by foreign affiliates may be "reverse" transferred to the parent (Mansfield and Romeo, 1984) . In this context, the international business and management literature has documented that MNEs increasingly rely on this less conventional knowledge transfer type, going from subsidiaries to the parent company in order to source new complementary knowledge from distant locations (Ghoshal, Korine and Szulanski, 1994; Mudambi and Navarra, 2004) . Subsequently, parent embeddedness in the home RSI makes possible the exchange of knowledge and mutual learning through trust-based local relationships (Andersson, Forsgren and Holm, 2002; Forsgren, Holm and Johanson, 2005) . Thus, offshore knowledge is fed into the knowledge production in the home region, thereby enhancing the productivity of home region knowledge production.
Reverse knowledge transfer, which is based upon the relationship between firminternal R&D and external knowledge sourcing, is further strengthened by the recent open innovation trend (Chesbrough, 2003) . To be sure, we are currently witnessing a change in firms' knowledge strategies in the form of a movement from more "closed"
to more "open innovation", whereby firms increasingly draw knowledge from a range of external actors to develop and commercialize new technology (Chesbrough, 2003) . In this light, the use of knowledge developed in offshore locations may be However, to assess the complementarity between home and offshored R&D we need to consider the nature and technological intensity of R&D offshoring. In particular, we have assumed that firms in advanced regions tend to have a comparative advantage in R&D within the most advanced technologies. For this reason, we expect that there will be no complementarity effect between offshore R&D in high-technology sectors and home region R&D in affecting innovation production in the investing home region. Despite the fact that the development of R&D in these sectors may benefit in principle from relative cost advantages, extant research documents that these emerging economies still need to complete their technological upgrading (Athreye and Cantwell, 2007) and, as a result, their real contribution to the knowledge production of advanced locations may be limited.
In addition, we expect offshore R&D in medium technology-intensive and software and knowledge-intensive services sectors to be complementary to home region R&D activities. The reason for our expectation is twofold. First, innovation literature has shown that less complex technologies (e.g., medium technologies) are easier to transfer from the offshore locations to the home regions because they could be easier to codify than the most advanced technologies (Cantwell and Santangelo, 1999) . Second, research in the innovation field has shown that modular technologies (e.g., software and knowledge-intensive services) may be easier to transfer (Kotabe, Parente and Murray, 2007) and to integrate (Brusoni and Prencipe, 2001 ) with other technologies. These relatively lower costs of transferring and integrating technologies developed offshore in the production of knowledge in home region, in turn, increases the probability of obtaining a complementarity effect between offshore and home region R&D activities in the production of knowledge in the home region.
Data and sample
The sample of analysis refers to 221 regions of 21 OECD countries from which R&D investment projects departed to BRICST. For these regions, we built a dataset relying on three main sources: the OECD REGPAT database (version January 2010), the fDi Market database, and the OECD Regional Database (RDB).
The OECD REGPAT collects patent applications filled at the Patent Cooperation Treaty (PCT) at the international phase that have been designated at the European Patent Office (EPO). The PCT procedure is an alternative route to the direct applications at national/regional patent offices. This procedure allows seeking for patent rights in multiple countries with a single application in a single language, although only the designated national (e.g., the USPTO) or regional (e.g., the EPO) patent office has the authority to grant a patent. The PCT procedure is considered an international procedure to seek patent protection because it does not suffer from bias towards any particular country (Le Bas and Sierra, 2002; Khan and Dernis, 2006) . In the OECD REGPAT database, the PCT applications have undergone a procedure of "regionalization", which linked the address of both inventor and applicant to regional codes. The "regionalization" process has involved 42 countries (Maraut et al., 2008 Mechanical Engineering, and 5) Other fields.
The second source from which our data were drawn is the fDi Market database.
By relying on media sources and company data, fDi Market collects detailed information on cross-border greenfield and expansion investments worldwide since 2003. fDi Market data are based on the announcement of the investment and this has the advantage of daily-updated data. For each FDI project, fDi Markets reports information on the investment (e.g., the leading industry sector of the investment), the home and host country, region and city involved, and on the investing company (e.g., location, parent company). For the sake of this research, we converted the sectors provided by fDi Market database for the offshoring investments into the OECD classification based on the R&D intensity of the sector (1997) (i.e., High-technology, Medium-high technology, Medium-low technology, and Low-technology sectors). Due to the very small number of offshoring investments in Medium-low and Low-technology industries, for the sake of this study we aggregated these categories into the one which we labelled as Medium. In addition, as offshoring investments also occurred in knowledge-intensive services, we relied on the EUROSTAT (2006) classification. In particular, both OECD and EUROSTAT classifications are based on NACE Rev. 1.1. Table 1 , column 1 lists the fDi Market sectors with SIC sectors in parentheses, column 2 contains the relative OECD and EUROSTAT sectors with NACE Rev. 1.1 codes in parentheses and column 3 reports the 3 sectoral aggregations adopted in our analysis (i.e., high (H), medium (M), and knowledgeintensive services (KS)).
[ Table 1 , just about here]
A drawback of using fDi Market database is the fact that it collects intents of investments in the future. Therefore, some of these projects might never be realized or they might be realized in a different form than the one announced. However, we have reasons to believe that the percentage of these projects is negligible as the database is used as the exclusive source of FDI project data for the UNCTAD World Investment Report and the Economist Intelligence Unit.
Finally, in our analysis we also rely on the OECD RDB which collects socioeconomic indicators of the OECD regions (e.g., demographic statistics, regional accounts, regional labour market, innovation indicators, and social indicators).
Variables Dependent variable and key independent variables
To measure the knowledge production of the region from which R&D investments departed to BRICST, we took the fractional count of PCT applications aggregated by the region i of residence of the inventor in the year 2006-2007 (2-year average) and transformed it in logarithm (logPAT0607). Note that, when more than one inventor participates to the patent, the patent is equally shared among them. Therefore, for each region we counted the shares of the inventors who are resident in that region.
No regions have zero patents. The fractional counts render the dependent variable more similar to a continuous variable than to a discrete variable. Moreover, the transformation in logarithm of the dependent variable is normally distributed, thus overtaking censoring problems that usually arises when dealing with patents.
Home region R&D was measured by the total R&D expenditures (US PPP) in region i (RDhome) and R&D offshoring in BRICST was measured by the number of R&D offshoring investments made by firms whose headquarter is located in region i (RDoff). Both key independent variables were calculated over the period [2003] [2004] [2005] , the former as a 3-year average and the latter as sum over the period.
Controls
By taking the region as unit of analysis we account for the regional systemic characteristics of knowledge production, which is not merely the result of firms that innovate in isolation, but it is affected by several elements spatially bounded (Lundvall, 1992) , such as inter-firm relationships, role of the public sector, institutional set-up of the financial sector, R&D organisation. To control for such elements, we introduced a set of exogenous variables.
Following prior studies (e.g., Sterlacchini, 2008; Usai, 2008) , we controlled for population density of the region (DEN) to proxy for inter-firm relationship under the hypothesis that in agglomerations firms' interaction and collaboration are stronger, as underlined by the studies on knowledge spillovers (Jaffe, 1986) and clusters (Porter, 1990) . The role of the public sector is accounted for by considering that some industries might benefit from the proximity to government research centres with large in-house R&D activities, which are more likely to be concentrated in the region where the country capital city is located. For this reason, we introduced a binary variable (CAP) taking value 1 if the region hosts the country capital (Feldman, 2003) . To control for the role of the financial sector we use the share of employment in financial intermediation (FIN_SHARE) as a proxy for the local presence of financial institutions. The more localized are the financial institutions, the closest they are to the needs of innovative firms (Cooke, Uranga and Etxebarria, 1997) . Lundvall (1992) also highlights the significance of R&D organisation in innovation systems.
Unlike in the past where knowledge production mainly relied on internal R&D laboratories, lately it is increasingly the results of a more "open" process (Chesbrough, 2003) characterized by inter-firm collaborations, firm-university partnerships, start-ups, and scientists' networks. These collaborations in innovation have also a cross-border dimension, as shown by the rise of international technological partnerships (e.g., Narula and Hagedoorn, 1999) . Therefore, we controlled for international inter-regional collaboration by considering the share of patents with multiple inventors where at least one inventor is located in another country (INTERNATCOOP). In addition to Lundvall's elements (1992), we considered the role of education and training as suggested by Freeman (1987) and included the share of population with tertiary level of education (HK_SHARE) as proxy for human capital.
Although the TL2 classification accounts for the geographical dimension and the population size of the regions in order to have a division as homogenous as possible, it is based on existent institutional divisions. Therefore, TL2 regions vary in dimension, especially in terms of population size. We account for differences in regional size by controlling for the number of inhabitants of the region (POP). In addition, we introduced the value of all R&D investments departing from region i in the given sectors H, M, and KS (VAL H,M,KS ) to control for the dimension of the region's R&D offshoring investments. Moreover, we control for the international attractiveness of the country by considering the net value of FDI inward stocknamely, FDI inward stock minus FDI outward stock -based on the UNCTAD (2008) database. This variable is built as a binary variable taking value 1 for countries with positive net values, 0 otherwise (FDI_D).
We also considered the different propensity to patent across technologies (Scherer, 1983; Arundel and Kabla, 1998) and we introduced in our analysis the revealed technological advantage (RTA). In particular, we control for the regional relative specialisation in each of the five groups of technologies as from the IPC codes of the patents (adjRTA j where j=1, 2, 3, 4, and 5). To this end, we calculate for each region the RTA as:
( 1) where P ij is the number of patents in region i in group of technology j. Thus, the index gives the share of the patents of the region i in group of technology j (numerator), weighted by the share of the patents of all regions in group of technology j on the all patents of the sample (denominator). As the index takes the values between 0 and +∞, we normalize it as follows so to constrain its variation between −1 and +1 [ Table A1 , just about here]
Methodology Complementarity
We want to test whether R&D at home (RDhome) and R&D offshoring (RDoff) are complements in the home production of knowledge of the investing region. The complementarity concept refers to the simultaneous presence of certain elements, which reinforce the importance of each other. Complementarity arises when the marginal return to one element (which can be any practice or activity of firm, industry or region) increases as the other element increases.
An empirical test to complementarity derives from the theory of supermodularity (Milgrom and Roberts, 1990; . Suppose that there are two activities, A and B.
Each activity can be either performed (A=1) or non-performed (A=0). The function 
The right-hand side of the equation defines the marginal increase of doing only activity A (F(1,0)) rather than neither of the two (F(0,0)). The left-hand side describes the marginal increase of doing both activities (F(1,1)) rather than only B (F(0,1)).
Therefore, the whole equation states that the marginal increase of adding one activity (i.e. A), when already doing the other (the left-hand side), is higher than the marginal increase from adding one activity solely (the right-hand side). Empirically, we check the above constraint by applying the production function approach to complementarity, where F is the knowledge production function and R&D at home and R&D offshoring are the complements to be tested upon a set of exogenous variables θ i (Athey and Stern, 1998; Cassiman and Veugelers, 2006; Giuri, Torrisi and Zinovyeva, 2008 Note that ONLYHOME and NOHOMEOFF are not affected by the sectoral qualification.
The model
To test the complementarity between R&D at home and R&D offshoring in H, M, and KS we estimated a knowledge production function in which logPAT0607 is estimated as a function of combinations of R&D activities and on a set of controls. Therefore, by mean of an ML regression we estimate the following model: The test of complementarity is based on the following null hypothesis:
where the first subscript refers to HOME and the second subscript to each of the 3 types of offshoring investments (OFF H,M,KS ). Therefore, the rejection of the equality hypothesis means that the payoff of joint HOME and OFF H,M,KS is greater than the sum of the two events occurring separately.
Spatial dependency
Since we are conducting a regional level analysis, we also want to check whether a spatial dependence exists among them. As highlighted by previous studies (Acs, Anselin and Varga, 2002; Moreno, Paci and Usai, 2005) , in cross-sectional data of geographically close units of observations it is very likely that innovation output of each unit is affected positively by the innovation performed in the neighbouring regions, which means that the error terms are correlated across observations. The spatial autocorrelation renders the OLS estimator inefficient, although it leaves the coefficients unbiased (Anselin, 1988) . To deal with this problem, we firstly tested the presence of such misspecification by means of Moran's I test with a binary contiguity matrix, where the contiguity matrix takes the value of 1 if the pair of regions share a border, 0 otherwise. The binary contiguity matrix has been constructed manually to include also the islands 6 and to take into account the regions that, although not sharing a border, are separated by few kilometres of sea-or lake-water (e.g., the
French region of Calais and the British region of Dover, or the US and Canadian states along the Great Lakes area). This procedure is motivated by the argument that spatial weight matrix should be chosen on the basis of a consideration on the structure of dependence, rather than on simple pre-packed description of the spatial relations (Anselin, 1988) . Therefore, although we use the simplest spatial matrix to account for spatial dependence, we wanted to account for the most obvious geographical proximity among regions that do not share borders. The Moran's index of spatial correlation rejects the null hypothesis that the patents of contiguous regions are independent (p ≤ 0.01 level of significance). Therefore, regions tend to cluster in neighbouring groups of high-innovative regions versus low-innovative regions and we have to control for the spatial dependence in the models.
Secondly, given the statistically positive result of the Moran's test we searched for which model can better describe the spatial dependence by means of a set of Langrage Multiplier tests on the OLS results. Then, on the grounds of these tests, we used the ML estimator because the OLS would be inefficient in case of spatial correlation. Spatial econometrics provides two empirical ways to incorporate spatial autocorrelation in the model, namely either as a spatially lagged dependent variable (substantive dependence) or in the error term of the regression (nuisance dependence). In order to choose between the two ways, we run two Lagrange
Multiplier tests by using the binary contiguity matrix, i.e., the LM-LAG and the LM-ERR. Thus, the specification of the lag model is:
where WlogPAT06 it is the spatially lagged dependent variable for weight matrix W and ρ is the spatial autoregressive coefficient. A positive and significant effect of this coefficient suggests that the knowledge production of region i is influenced by knowledge production in neighboring regions. For the error model:
with (8) where λ is the spatial autoregressive coefficient and u i is the spherical error term. W is the weight matrix. After running the OLS models and the Lagrange Multiplier tests, we decide to adopt the lag model. The LM tests do not show a remarkable difference between the lag and the error model, but the lag model gives us additional information about the impact of the neighbouring regions' patents through the coefficient ρ. For the sake of brevity, we do not display the OLS estimates and LM tests, but they are available upon request.
Exploratory analysis
As preliminary analysis, we look at the maps that refer to the two key independent variables, namely the R&D at home and the R&D offshoring by technological sector.
In particular, Figure 1 shows the regions that stay above and below R&D expenditure mean of the whole sample (i.e., HOME). All countries have at least one region falling in this category, except Ireland, Greece, South Korea, and some recent EU members (i.e., Czech Republic, Slovakia, and Hungary). In addition, for some suggesting that regions doing both R&D at home and R&D offshoring are also very innovative regions.
[ Table 2 , just about here]
As an additional exploratory analysis, we look at the unconditional correlations between the complements HOME and OFF H,MH,KS . We test the null hypothesis of independent pairs of decision variables (Miravete and Pernias, 2006) . Table 3 shows the pair-wise Spearman's correlation between HOME and OFF H,MH,KS . All the coefficients are positive and significant, which is another a signal of complementarity (Cassiman and Veugelers, 2006) .
[ Table 3 , just about here] [ Table 4 , just about here]
Econometric results
The bottom row of Table 4 reports the χ-squared of the complementarity tests for each of the three models and its significance. In the H model, our forecast of absence of complementarity is accepted. In the M model and in the KS model, the absence of complementarity is rejected at the p ≤ 0.05 and p ≤ 0.10, respectively.
This means that only R&D offshoring in medium technology-intensive and knowledge-intensive services sectors are complementary to the R&D home 7 A possible solution to the collinearity problem would be to drop the constant in the models estimated. However, the spatreg STATA command used here does not allow this option. Consequently, our complementarity test is performed on three (HOMEOFF H,M,KS , ONLYOFF H,M,KS and ONLYHOME) out of our four categories, according to the following rule:
Nonetheless, when NOHOMEOFF is used as the benchmark against the three other dummies, . Accordingly, the inequality tests involving four (Equation 5) or three dummies (Equation 5*), respectively, are equivalent.
expenditures. Thus, when highly R&D-intensive regions perform R&D offshoring in M and KS sectors, their innovation capacity is greater ceteris paribus than when the two other conditions apply in isolation. By contrast, although a large part of the regions invest in BRICST in high technology-intensive sectors, this type of R&D offshoring does not have an additional effect on home region knowledge production when performed jointly to outstanding R&D at home.
Robustness checks
Although there are large differences across regions within countries, some similarity might persist at the level of large agglomerations of regions. In particular, European regions might face different cost-opportunities in R&D offshoring in BRICST countries than US regions (Farrell, 2005) . In terms of geographical proximity, European regions might prefer offshoring in Eastern European countries (Marin, 2006) . Conversely, US regions have a long lasting tradition to invest in South-East Asia and, for geographical proximity, in South-America. Therefore, we want to control whether our results are robust when splitting the sample into two: the US and Western European regions. Results are reported in Table 5 .
[ Tables 5, just about Finally, results are robust when calculating HOME as equal 1 if RDhome is greater than the sample regions' median.
Discussion and Conclusion
We began by observing that the global offshoring trend from advanced regions to emerging countries is no longer confined to the offshoring of tangibles. At least parts of R&D activities are now being offshored as well. Based on insights from the economic geography, international business and innovation literatures, we conjectured that complementarity between home region R&D and offshore R&D should obtain when the offshored R&D is dissimilar to the type of (presumably) hightechnology R&D carried out in the home region. In other words, we hypothesized that offshore R&D can improve the efficiency of home R&D, when the R&D in the two locations is not of the same technological intensity. When we split the offshore R&D into three categories (high-technology, medium technology and knowledgeintensive services sectors), complementarity only obtain in the cases of medium technology and knowledge-intensive services sectors -not in the case of high technology-intensive sectors. This is in general in line with our theoretical expectations.
This paper contributes to the economic geography and IB literature by being the first paper to systematically address the issue of the effect of offshore R&D in fastgrowing emerging economies on the knowledge production in advanced home regions. The traditional economic geography literature still subscribe to the stylized argument that multi-plant firms will tend to locate their information-intensive activities and facilities in knowledge centres, while locating more routinized and standardized activities in more geographically peripheral regions, in order to take account of lower local factor costs (Healey and Watts, 1987; Hayter, 1997) . However, more recent economic geography literature has recognized that the spatial behaviour of MNEs has significant implications for regional and local development due to the sheer scale of FDI (McCann and Mudambi, 2005) .
Within the geography literature, our results parallel those of Verspagen and Schoenmakers (2004) in the sense that the tendency to perform R&D abroad implies a strengthening of the notion of regional innovation systems, rather than the opposite. Our findings suggest that MNEs invest in knowledge in emerging countries which in turn improves the effectiveness of the production of knowledge in the home region. In this paper, we have suggested that this has to do with specialisation advantages combined with the reverse knowledge transfer from emerging countries within the more general open innovation trend. Our findings also confirm the "systemic" nature of knowledge production underlined in the RSI tradition, although in our case, we addressed the issue of cross-fertilization between region-internal and region-external knowledge. In this regard, our analysis complements the theoretical contribution by Bathelt et al. (2004) in the economic geography literature, who argue for a combination of knowledge-related "local buzz" and "global pipelines" in regional development. Our analysis confirms that regional development (in our case knowledge production) is to some extent dependent on the interaction between knowledge development inside and outside the region. Finally, we think that the contribution found in the present paper lives up to the recent call by McCann and Mudambi (2005) for research that combines insights from the economic geography and international business literatures. In this respect -and as pointed out aboveour paper advance traditional economic geography research by challenging the view that more information-intensive activities and facilities are necessarily located in advanced locations. Finally, a contribution is offered to IB research as the study considers the effect of reverse knowledge transfer from home-base augmenting activity in emerging economies.
This study has a number of limitations. The most severe limitation lies in the fact that we are not able to break down home region R&D into different classes associated with different degrees of knowledge intensity. Such a breakdown is currently only possible for offshore R&D. However, such a breakdown will have to await the availability of more detailed R&D statistics at the regional level. A further limitation has to do with the fact that our analysis has been able to address the issue of "in-house" or captive offshoring only. A central challenge to future research in this field concerns the analysis of complementarity/substitutability of outsourced offshore R&D (in addition to captive offshoring). Regardless of the limitations of the present research, we believe that the first analysis presented here have illustrated that the field of research is fertile and that the present paper may serve as a point of departure for future research on the relationship between regional and extra-regional knowledge production. 
